
Three Distinct Proteases Are Responsible for Overall Cell Surface
Proteolysis in Streptococcus thermophilus

Mylène Boulay,a Coralie Metton,a* Christine Mézange,a Lydie Oliveira Correia,a Thierry Meylheuc,a§ Véronique Monnet,a

Rozenn Gardan,a Vincent Juillarda

aUniversité Paris-Saclay, INRAE, AgroParisTech, Micalis Institute, Jouy-en-Josas, France

ABSTRACT The lactic acid bacterium Streptococcus thermophilus was believed to
display only two distinct proteases at the cell surface, namely, the cell envelope pro-
tease PrtS and the housekeeping protease HtrA. Using peptidomics, we demonstrate
here the existence of an additional active cell surface protease, which shares signifi-
cant homology with the SepM protease of Streptococcus mutans. Although all three
proteases—PrtS, HtrA, and SepM—are involved in the turnover of surface proteins,
they demonstrate distinct substrate specificities. In particular, SepM cleaves proteins
involved in cell wall metabolism and cell elongation, and its inactivation has conse-
quences for cell morphology. When all three proteases are inactivated, the residual
cell-surface proteolysis of S. thermophilus is approximately 5% of that of the wild-
type strain.

IMPORTANCE Streptococcus thermophilus is a lactic acid bacterium used widely as a
starter in the dairy industry. Due to its “generally recognized as safe” status and its
weak cell surface proteolytic activity, it is also considered a potential bacterial vector
for heterologous protein production. Our identification of a new cell surface protease
made it possible to construct a mutant strain with a 95% reduction in surface prote-
olysis, which could be useful in numerous biotechnological applications.

KEYWORDS Streptococcus thermophilus, cell surface proteolysis, peptidomics, PrtS,
HtrA, SepM

S treptococcus thermophilus is the only species of genus Streptococcus that is generally
recognized as safe (GRAS) (1). This lactic acid bacterium (LAB) is used widely in the

dairy industry, as both a key partner for yogurt fermentations and a cheese starter in var-
ious cheese technologies (2). Like other LABs, its growth in protein-containing media,
such as milk, depends on protein degradation, which provides it with the amino acids
necessary for growth. For this reason, the proteolytic system of LABs has been studied
intensively for many years (3). The first step of the casein utilization process is extracellu-
lar casein hydrolysis, which in S. thermophilus is mediated by the cell envelope protease
PrtS (located in the chromosome) (4) and in Lactococcus lactis by the homolog PrtP
(located on a plasmid) (5). These serine proteases are anchored to the cell wall via a sor-
tase-dependent mechanism. For many years, they were thought to be the sole surface
proteases of LABs, as their absence prevented casein degradation and thus affected
growth in milk. To date, no other function than nitrogen supply has been attributed to
PrtS/PrtP in these two species, although a PrtS homolog, the challisin protease of
Streptococcus gordonii, has been shown to degrade the S. gordonii competence stimulat-
ing peptide (CSP), which is responsible for the induction of competence for natural trans-
formation (6).

More recently, a second cell surface serine protease, HtrA, was characterized in
L. lactis (7). HtrA is a membrane-bound protease that faces the external medium; it is
not thought to be involved in nutrition since it has not been shown to participate in
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the casein degradation process. HtrA is conserved widely in bacteria and eukaryotic
organisms (8). As is the case in other microorganisms, its main function in L. lactis is
the degradation of misfolded proteins that accumulate under conditions of thermal
stress. Lactococcal HtrA is also involved in the processing of certain exported proteins,
such as autolysins (7). More widely, HtrA plays a role in many regulatory mechanisms.
For example, in Escherichia coli, HtrA cleaves the periplasmic domain of RseA; this
step is followed by a cascade of proteolytic events that ultimately results in the induc-
tion of specific stress response genes (8). Other examples have been identified in
Streptococcus pneumoniae, in which HtrA represses competence for natural transforma-
tion through the selective degradation of DNA uptake machinery (9), and the CSP
pheromone, which initiates competence and bacteriocin production (10, 11). To date,
no similar regulatory roles have been attributed to HtrA in LABs. Of the several other
proteases that have been characterized in L. lactis and S. thermophilus, all are located
inside the cell; no other cell surface proteases with activity outside the cell (i.e., shed-
dases) have been identified so far in these bacteria.

Recently, there has been interest in broadening the applications of LABs beyond
their traditional uses in the food industry (12). Due to their GRAS status, L. lactis and
more recently S. thermophilus have been proposed as potential bacterial vectors for
heterologous protein production (13–15). Among the advantages presented by these
two species is the fact that they are regarded as poorly proteolytic, due to the low
number of cell surface proteases they produce compared with Bacillus subtilis, for
instance (16). In previous work, we developed a peptidomic approach for analyzing the
extracellular proteolytic activity of a PrtP-deficient strain of L. lactis (17). Surprisingly,
we found that HtrA was responsible for the release of only a portion of the peptides
accumulating in the supernatant, suggesting that uncharacterized protease(s) other
than HtrA were active at the cell surface. The aim of the present study was thus to
identify these unknown proteases in order to ultimately obtain a strain deprived fully
of surface proteolytic activity. We decided to use S. thermophilus rather than L. lactis as
the study bacterium for a technical reason; although the two species are closely related
(1), the conditions for entering a state of competence for natural transformation are
known for S. thermophilus but not for L. lactis (18–21). It is thus much easier to con-
struct mutant strains of S. thermophilus than those of L. lactis. We first applied our
powerful peptidomic approach to confirm the presence of an as-yet-unknown shed-
dase in S. thermophilus, as our previous study had demonstrated in L. lactis. This effort
revealed an additional protease at the cell surface of S. thermophilus that is ortholo-
gous to the SepM protease of Streptococcus mutans (22). The three sheddases PrtS,
HtrA, and SepM displayed different substrate specificities. None of them seemed to be
involved in pheromone maturation, but all three played a role in the turnover of
surface proteins, including PrtS itself. Moreover, SepM seemed to be involved in cell di-
vision processes. Through the construction of single- and multiple-mutant strains, we
were able to determine that together PrtS, HtrA, and SepM account for 95% of the cell
surface proteolytic activity of S. thermophilus.

RESULTS
The extracellular peptidome of S. thermophilus LMD9 results mainly from the

hydrolysis of surface proteins. Peptides accumulating in the growth medium of S.
thermophilus—collectively referred to as the exopeptidome—were identified using a
two-dimensional liquid chromatography-mass spectrometry (LC-MS) approach. The
exopeptidome of S. thermophilus LMD9 contained 650 distinct oligopeptides, with
each composed of between 7 and 32 amino acids (mean of 3 independent biological
repetitions; SD, 161) (see Table S1 in the supplemental material). One-third of them
(188) were found systematically in each experiment, and more than one-half of the
peptides were identified in at least 2 experiments. This degree of reproducibility is sim-
ilar to what has already been described for the exopeptidome of L. lactis (17). In S. ther-
mophilus, the exopeptidome resulted from the hydrolysis of 215 distinct proteins (SD,
25) (Table S1). Most of the peptides (66%) present were generated via the hydrolysis of
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surface-located or secreted proteins, according to LocateP database predictions (23).
Other peptides originated from transmembrane or cytoplasmic proteins, with some
probably present in multiple locations (24).

Previous work in S. thermophilus has characterized two distinct proteases that could
be responsible for the formation of the exopeptidome, namely, PrtS (STER_RS04165)
and HtrA (STER_RS09790). To evaluate this role, we constructed two single-deletion
mutants (Table 1) and analyzed their respective exopeptidomes. Inactivation of the
prtS gene resulted in a slight decrease (21%) in the number of peptides identified,
while inactivation of the htrA gene had a larger effect (43% reduction) (Table S1). In
both cases, the reduction in the total number of peptides was the effect of a decrease
in the amount of peptides released from surface proteins, consistent with the cellular
localization of the proteases (Fig. 1). Furthermore, the number of peptides released
from the PrtS protein was significantly reduced in the exopeptidome of the DhtrA mu-
tant strain (3 peptides versus 32 in the wild-type strain, P = 0.0463), indicating that
HtrA actively cleaves PrtS during the growth of S. thermophilus. In contrast, the number
of peptides released from transmembrane or cytoplasmic proteins was not significantly
modified in the absence of PrtS or HtrA (Fig. 1).

The inactivation of both htrA and prtS led to a slightly larger reduction (50%) in the
number of peptides present in the exopeptidome (Fig. 1), with 331 distinct peptides

TABLE 1 Bacterial strains used in the present study

Strain Genotype Reference
LMD9 Wild type 57
LMD9DhtrA STER_RS09790::aphA3 This study
LMD9DprtS STER_RS04165::erm This study
LMD9DsepM STER_RS07910::spec This study
LMD9DhtrADprtS STER_RS09790::aphA3, STER_RS04165::erm This study
LMD9DhtrADsepM STER_RS09790::aphA3, STER_RS07910::spec This study
LMD9DprtSDsepM STER_RS04165::erm, STER_RS07910::spec This study
LMD9DhtrADprtSDsepM STER_RS09790::aphA3, STER_RS04165::erm, STER_RS07910::spec This study
CNRZ1066 Wild type 63
CNRZ1066DhtrADsepM STR_RS09505::aphA3, STR_RS07745::spec This study

FIG 1 The number of distinct peptides identified in the supernatant of strains of S. thermophilus
LMD9, as a function of the cellular compartment of the parental protein. The identity of each group
of bars, from left to right, is as follows: LMD9, LMD9DhtrA, LMD9DprtS, and LMD9DhtrADprtS. Values
are the mean of three biological replicates, with standard deviation of the mean. *, P , 0.05.
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detected (mean of 3 independent experiments; SD, 40). As observed with the single-
mutation strains, this reduction was due mainly to a decrease in the number of pep-
tides released from surface proteins. For instance, the two transporter substrate-bind-
ing proteins STER_RS04220 and STER_RS07145 were significantly less degraded in the
double mutant than in the wild-type strain (P values of 0.0369 and 0.0463, respectively)
(Table S1). However, this decrease in peptide count was not statistically significant in
the absence of one protease only (in the absence of HtrA and PrtS, P values were
0.1266 and 0.1266 for STER_RS04220 and 0.09896 and 0.5066 for STER_RS07145,
respectively). This finding suggests the existence of a synergism between HtrA and
PrtS in the turnover of these surface proteins.

The gene STER_RS07910 encodes a functional cell surface protease. From these
results, it was very clear that proteolytic activity was still present at the cell surface of the
double mutant strain LMD9DhtrADprtS. We thus developed an in silico approach to iden-
tify candidates for this new surface protease. According to the MEROPS database, release
10.0 (http://merops.sanger.ac.uk/cgi-bin/speccards?sp=sp000991;type=peptidase;strain=
498), the genome of S. thermophilus LMD9 encodes 45 members of protease-peptidase
families, which represents 2.6% of the total number of genes of this strain (25). An analy-
sis of the annotation of the S. thermophilus genome annotation (https://www.ncbi.nlm
.nih.gov/genome/genomes/420?) revealed the possible presence of additional proteases.
In total, 52 proteins were predicted to contain a proteolytic domain (Table 2), and of
these, 11 were predicted to be located at the cell surface. Two (PrtS and HtrA) have al-
ready been implicated in the formation of the exopeptidome, and it seemed very likely
that at least one of the other nine proteins also participates in peptide accumulation.
Interestingly, peptides released from five of these nine putative surface proteases
(STER_RS00770, RS01270, RS05675, RS07910, and RS08505) were detected in the S. ther-
mophilus exopeptidomes; this finding indicated that these putative proteases were pro-
duced efficiently during growth (Table S1) and therefore represent potential candidates.
In contrast, the four other proteases were apparently not expressed under these experi-
mental conditions and therefore did not appear to be relevant candidates. Of the five
candidate proteases, STER_RS00770 and RS01270 are annotated as D-Ala-D-Ala carboxy-
peptidases and are thought to be involved mainly in peptidoglycan formation (26); they
thus probably did not represent the best candidates for contributing to the exopepti-
dome. Likewise, STER_RS085005 is a signal peptide peptidase and would be unlikely to
make a significant contribution to the exopeptidome. The two remaining candidates
were STER_RS05675 and STER_RS07910.

Our earlier analysis of L. lactis IL1403 had suggested the existence of a third active
cell surface protease, other than PrtP and HtrA, that participated in the formation of the
exopeptidome in that species (17). We thus decided to start from the most parsimonious
hypothesis, namely, that this third cell surface protease is homologous between the two
closely related bacteria. Of our two most likely candidates, STER_RS05675 had no coun-
terpart in the genome of L. lactis IL1403, while STER_RS07910 did. We therefore created
a deletion mutant for STER_RS07910 and analyzed its exopeptidome (Table S1). The
results indicated that STER_RS07910 contributed actively to exopeptidome formation;
the number of peptides detected in the supernatant of the mutant strain (n = 324; mean
of 3 assessments; SD, 100) was 2 times lower than that of the wild-type strain. Once
again, this decrease was the consequence of a significant reduction in surface protein
hydrolysis, especially of lipoproteins and membrane-anchored proteins (P = 0.04953, for
both classes). In contrast to HtrA and PtrS, STER_RS07910 did not appear to cleave pro-
teins located in the cell wall in any significant way, as the number of these peptides
released was in the same range as that found in the exopeptidome of the wild-type
strain (Fig. 2).

To determine if PrtS, HtrA, and STER_RS07910 are responsible for the majority of
exopeptidome formation—or if, instead, additional surface protease(s) remained to be
identified—a mutant strain deficient in these three sheddases was constructed, and its
exopeptidome was characterized (Table S1). In the absence of these 3 proteases, the
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TABLE 2 Predicted proteases of S. thermophilus LMD9

Familya Peptidase or homologue (subtype)b Cellular localization (locate P)

S. thermophilus LMD9

Gene Length (aac)
S11 Serine-type D-Ala-D-Ala carboxypeptidase Secreted STER_RS00565 415
nd D-Ala-D-Ala carboxypeptidase Secreted (secretome P) STER_RS03750 331
S8 Subtilisin-like serine protease (PrtS) Cell wall anchored STER_RS04165 1,618
M15 D-Ala-D-Ala carboxypeptidase Membrane anchored STER_RS00770 265
nd D-Ala-D-Ala carboxypeptidase Membrane anchored STER_RS01270 775
S26 Signal peptidase I (sipB) Membrane anchored STER_RS05430 185
M10 Zn-dependent protease Membrane anchored STER_RS05675 239
C60 Sortase A Membrane anchored STER_RS06195 762
S16 Predicted protein-containing PDZ and Lon-protease domains Membrane anchored STER_RS07910 345
S26 Signal peptidase I (sipA) Membrane anchored STER_RS08505 207
S1 HtrA peptidase Membrane anchored STER_RS09790 411
M41 Cell division protein FtsH Multitransmembrane STER_RS00070 655
M50 RIP metalloprotease RseP (eep) Multitransmembrane STER_RS01205 420
A8 Signal peptidase II Multitransmembrane STER_RS02730 153
M48 Zinc metalloprotease HtpX Multitransmembrane STER_RS03715 299
A24 Type-4 prepilin-like protein specific leader peptidase Multitransmembrane STER_RS03755 215
S33 SCO7095-type peptidase Multitransmembrane STER_RS06090 851
C39 Bacteriocin-processing peptidase Multitransmembrane STER_RS08100 717
S54 Rhomboid family intramembrane serine protease Multitransmembrane STER_RS08850 224
M79 CAAX amino protease Multitransmembrane STER_RS08935 220
C44 Family C44 unassigned peptidases Cytoplasmic STER_RS00260 479
M29 PepS aminopeptidase Cytoplasmic STER_RS00485 413
C1 Aminopeptidase C Cytoplasmic STER_RS01340 445
S14 ATP-dependent Clp protease proteolytic subunit Cytoplasmic STER_RS01925 196
M3 Oligoendopeptidase F Cytoplasmic STER_RS02405 601
T5 Arginine biosynthesis bifunctional protein Cytoplasmic STER_RS02460 397
M20 Peptidase M20 Cytoplasmic STER_RS02920 381
nd Endoribonucleased Cytoplasmic STER_RS03285 165
M24 Proline dipeptidase Cytoplasmic STER_RS03340 361
U32 Peptidase U32 Cytoplasmic STER_RS03560 309
U32 Protease Cytoplasmic STER_RS03565 428
C44 Family C44 unassigned peptidases Cytoplasmic STER_RS04470 602
C56 Putative intracellular protease/amidase Cytoplasmic STER_RS04770 182
M1 Aminopeptidase N Cytoplasmic STER_RS04990 846
M20 Dipeptidase Cytoplasmic STER_RS05375 468
M20 Tripeptidase PepT Cytoplasmic STER_RS05425 407
C26 Glutamine amidotransferase Cytoplasmic STER_RS05930 202
M3 Oligoendopeptidase F Cytoplasmic STER_RS06400 777
C26 Glutamine amidotransferase (class I) Cytoplasmic STER_RS07030 231
M24 Methionine aminopeptidase Cytoplasmic STER_RS07460 286
C26 Glutamine amidotransferase Cytoplasmic STER_RS07635 188
S12 Esterase EstB Cytoplasmic STER_RS07995 318
nd C3-glycoprotein-degrading proteinasee Cytoplasmic STER_RS08000 251
S15 Xaa-Pro dipeptidyl peptidase Cytoplasmic STER_RS08015 755
M24 Xaa-Pro aminopeptidase Cytoplasmic STER_RS08390 353
M22 Glycoprotein endopeptidase Cytoplasmic STER_RS08535 228
S16 DNA repair protein RadA Cytoplasmic STER_RS08805 415
M20 Metal-dependent carboxypeptidase Cytoplasmic STER_RS08860 377
M42 Glutamyl aminopeptidase Cytoplasmic STER_RS08925 355
M13 Oligoendopeptidase O3 Cytoplasmic STER_RS09100 631
M16 Peptidase M16 Cytoplasmic STER_RS09720 425
M16 Peptidase M16 Cytoplasmic STER_RS09725 416
and, not determined.
bClassification based on the MEROPS database (release 10.0, http://merops.sanger.ac.uk), enriched with S. thermophilus strain annotation.
caa, amino acids.
dAnnotated as a metalloprotease in some S. thermophilus strains (MTH17CL396; MN-ZLW-002; TH435,436,982,985,1477; ASCC1275; 1F8TC).
eContains domains CppA_N and _C, N- and C-terminal domains of the CppA protein, respectively. CppA is found in species of Streptococcus. CppA is a putative
C3-glycoprotein-degrading proteinase, involved in pathogenicity.
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number of peptides released from surface proteins was reduced 25-fold, with only
21 distinct peptides detected (Fig. 2). A comparison of the number of surface peptides
in the exopeptidome of the double mutant DhtrADprtS and the triple mutant
DhtrADprtSDSTER_RS07910 revealed that inactivation of STER_RS07910 induced a 9-
fold reduction in the number of peptides released from surface proteins. In contrast,
the number of peptides released from transmembrane (n = 34; SD, 4) and cytoplasmic
proteins (n = 71; SD, 21) was affected only slightly in the triple mutant compared with
the wild-type strain. These results indicated clearly that these three proteins account
for the majority of cell surface proteolysis. Based on the number of surface peptides
detected in the medium (spectral counting), we estimated that the residual surface
proteolysis of the triple mutant strain represented only 5% of that of the wild-type
strain. We further verified that the modification of the extracellular peptidome was not
due to poor growth of the strain and found that the absence of the three proteases
did not affect growth markedly in chemically defined medium (CDM) (see Fig. S1 in the
supplemental material).

STER_RS07910 is conserved widely. The presence of PrtS at the cell surface of S.
thermophilus is strain dependent (4, 27); in the 151 distinct genomic sequences of S.
thermophilus that are available, only 30% have the prtS gene. Instead, HtrA and
STER_RS07910 proteins are present in 100% and 99% of the strains, respectively, with
sequence identities systematically higher than 90% with the LMD9 sequences (Fig. 3).
Strains of S. thermophilus can therefore be clustered into two classes based on their
assemblage of surface proteases; a minority of strains (less than one-third) contain
three surface proteases, while the majority of the strains (more than two-thirds) have
only two surface proteases, namely, HtrA and STER_RS07910. To ascertain that these
two proteases are still responsible for the essential activity of surface proteolysis in the
latter group, we repeated our assessments using strain CNRZ1066, which naturally
lacks PrtS. Based on the spectral counting of peptides released from surface proteins,
inactivation of the 2 protease-encoding genes htrA and ster_RS07910 resulted in a 94%
loss of surface proteolysis, with spectral counts of 240 peptides for the wild-type and
15 peptides for the double mutant strain.

FIG 2 The number of peptides released from surface proteins. Black, medium, and dark gray bars
represent LMD9, LMD9DSTER_RS07910, and LMD9DhtrADprtSDSTER_RS07910 strains, respectively.
Values are the mean of three biological replicates, with standard deviation of the mean. *, P , 0.05.

Boulay et al. Applied and Environmental Microbiology

December 2021 Volume 87 Issue 23 e01292-21 aem.asm.org 6

https://aem.asm.org


FIG 3 Conservation of the three cell surface proteases in S. thermophilus. LMD9 is used as the
reference strain.
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STER_RS07910 belongs to the peptidase S16 subfamily and is a member of the
Clusters of Orthologous Groups of proteins (COG) family of signal transduction mecha-
nisms. It is predicted to contain a transmembrane domain at the N terminus of the pro-
tein (position 19 to 36), a PDZ-domain of ATP-dependent Lon serine protease (position
130 to 193) and a C-terminal proteolytic domain of Lon protease (position 231 to 341).
In contrast to most Lon proteases, STER_RS07910 does not have the classical walker A
and B motifs responsible for ATP fixation. The family type peptidase is the Lon-A pepti-
dase from Escherichia coli (MEROPS accession MAR0000485 [https://www.ebi.ac.uk/
merops/cgi-bin/famsum?family=S16]), with the active site residues S679 and K722 (28).
These two residues are conserved in STER_RS07910 (S246 and K291) and most probably
constitute the active site also in this protease. STER_RS07910 is conserved in strepto-
cocci and, in particular, is highly conserved with SepM of Streptococcus mutans (60.6%
identity, 74.9% similarity). For that reason, STER_RS07910 will be renamed SepM
throughout the remaining text. The 2D structure of SepM was predicted using the
PSIPRED protein structure prediction tool (http://bioinf.cs.ucl.ac.uk/psipred) (29). SepM
is predicted to have several helix and strand regions (Fig. 4) and, therefore, according
to the CATH classification (https://www.cathdb.info), belongs to the a1b class of pro-
teins (30).

We analyzed the organization of sepM flanking genes in the 84 circularized genomes
of S. thermophilus and noted a high degree of conservation. Most of the strains (78 of 84)
have the same organization as LMD9, whereas 6 strains (CIRM336, 368, 956, 961, 967,
and 998) have pseudogenes (IS3 family transposase derived) downstream of sepM (Fig.
5). In addition, we studied the location of sepM on the chromosome of these strains. For
77 of the 84 strains, the sepM gene is located at 47 minutes (SD, 6.7) in the chromosome.
However, in 7 strains (CIRM23, 32, 956, 961, EPS, MAGrmk202, and TK-PA3), sepM is
located in the first 10 minutes of the chromosome. Predictions from the BioCyc database
collection suggested that sepM is cotranscribed with coaD and rsmD (31), and this pre-
diction was supported by transcriptional data obtained with S. thermophilus LMD9 (32)
or N4L (33). These data indicate that sepM is the last gene on an operon made up of

FIG 5 sepM-flanking genes in S. thermophilus. Synteny prediction was obtained from the SyntTax Web server (https://
archaea.i2bc.paris-saclay.fr/SyntTax).

FIG 4 SepM secondary structure prediction. Prediction was obtained from the PSIPRED Web server version 4.0 (http://bioinf.cs.ucl.ac.uk/psipred).
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three genes with no apparent functional relationship among them; rsmD encodes a
methyltransferase involved in ribosome biogenesis and coaD encodes a transferase
belonging to the pantothenate and coenzyme A (CoA) biosynthesis pathway. According
to work by Eng and colleagues, sepM is not considered an atypical gene acquired by hor-
izontal gene transfer (34).

At the protein level, sequences encoded by the sepM flanking genes are extremely
well conserved within S. thermophilus. In all streptococci that have been analyzed, the
proteins encoded in the upstream region of sepM are conserved, while the down-
stream region is conserved only in some (see Table S2 in the supplemental material).

The three sheddases have distinct substrate specificities. We evaluated the sub-
strate specificity of the three surface proteases by constructing double mutant strains. Our
assumption was that the mutant strains LMD9DhtrADprtS, LMD9DhtrADsepM, and
LMD9DprtSDsepM would each contain only one cell surface protease, namely, SepM, PrtS,
or HtrA, respectively. We then assessed the specificity of the cleavage of each surface pro-
tease based on the exopeptidome composition (unique peptides) of the corresponding
double mutant. We first identified the amino acids flanking the N- and C-terminal cleaved
peptide and then calculated their relative frequencies. These results indicated that the
three sheddases do not have the same specificities of cleavage (Fig. 6). In the P1 position
(corresponding to the N-side of the cleaved bond), PrtS has a more pronounced prefer-
ence for hydrophilic charged amino acids than SepM, HtrA has a stronger preference for
hydrophobic branched-chain amino acids than both SepM and PrtS, and SepM has a
much more marked preference for Ala than PrtS and HtrA. Differences in the specificities
of the three proteases were also noted in the P'1 position, which corresponds to the C-ter-
minal side of the cleaved bond.

An analysis of the degraded proteins (based on peptides identified in the exopepti-
dome) also revealed differences among the sheddases regarding the proteins they
cleave (see Table S3 in the supplemental material). In the wild-type strain, the most
intensively cleaved surface proteins were two cell wall-associated proteins (STER_
RS00970 and STER_RS04165), six lipoproteins (STER_RS00685, STER_RS04220, STER_
RS04960, STER_RS06930, STER_RS06940, and STER_RS07945), and four membrane-
bound proteins (STER_RS01345, STER_RS05805, STER_RS07910, and STER_RS08990).
The bifunctional 29,39-cyclic nucleotide 29-phosphodiesterase/39-nucleotidase precur-
sor protein (STER_RS00970) is actively cleaved by HtrA and poorly cleaved by SepM
and PrtS. Its spectral count strongly decreased in the exopeptidomes of LMD9DhtrA,
LMD9DhtrADprtS, and LMD9DhtrADsepM; remained unchanged in LMD9DsepM; and
was reduced only slightly in LMD9DprtS and LMD9DprtSDsepM. The cell wall-associated
protein PrtS (STER_RS04165) was cleaved very efficiently by HtrA but cleaved only weakly
by SepM. A similar trend was observed with another (less intensively cleaved) cell wall-asso-
ciated protein (STER_RS00210, CHAP domain-containing protein). Together, these results
suggest that SepM is only weakly active on cell wall-associated proteins. Conversely, HtrA

FIG 6 Amino acid frequencies at the cleavage sites of the peptides. (A) P1 position of the cleavage
site. (B) P’1 position of the cleavage site. Blue line, strain LMD9DhtrADsepM, producing only PrtS;
green line, strain LMD9DprtSDsepM, producing only HtrA; red line, strain LMD9DhtrADprtS, producing
only SepM.
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had no significant action on the amino acid ABC transporter periplasmic protein
STER_RS07945, whereas SepM was highly efficient. The late competence protein
STER_RS08990 involved in DNA uptake was cleaved by both HtrA and SepM but not by
PrtS. All three proteases were able to degrade the penicillin-binding protein STER_RS01345.

When we specifically examined the proteins cleaved by SepM, we found that a sig-
nificant proportion were involved in cellular division or cell wall metabolism (e.g., PBP-
1A, PBP-2A, PBP-2B, MesJ, MreC, PG hydrolases, and LCP proteins). We therefore
decided to compare the morphology of the wild type and mutant using scanning elec-
tron microscopy (Fig. 7). Cells were compared both at the exponential and stationary
phases of growth, and similar trends were observed. Wild-type cells had a regular
shape, and some particles, presumably extracellular vesicles, were observed at the cell
surface. In the mutant cells, such particles were present at a higher frequency.
Moreover, the shape of the mutant was sometimes affected, with unusual division
planes. Abnormal cell shape was more pronounced at the stationary phase than in the
exponential growth phase.

Role of surface proteases in quorum sensing. As mentioned above, SepM belongs
to the COG family of signal transduction mechanisms. In S. mutans, SepM is responsible for
the maturation of the competence stimulating peptide (CSP) and is therefore involved in
quorum sensing (22). The three surface proteases differ in their involvement in this activity:
HtrA degrades the CSP of S. pneumoniae but not that of S. mutans (10, 11, 35), whereas
the S. gordonii homolog of PrtS cleaves the CSP of S. mutans (6). Taking this context into
account, we assessed a possible role for these three sheddases in quorum sensing in S.
thermophilus. This bacterium is known to express distinct quorum sensing systems, includ-
ing streptide and bacteriocin production (36–38) and natural competence (18, 19). We first
studied the production of streptide, a cyclic nonapeptide (AK*GDGW*KVM) that accumu-
lates during the growth of S. thermophilus as the result of a quorum sensing mechanism;

FIG 7 Scanning electron microscopy of S. thermophilus LMD9. Wild type (A, C) and DsepM (B, D) strains in exponential (A, B) and
stationary (C, D) phases of growth.
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the signaling peptide involved is a short hydrophobic nonapeptide, SHP1358 (EGIIVIVVG),
secreted in the external medium (37). Streptide and SHP1358 were detected by mass spec-
trometry in the supernatant of LMD9 and mutant strains grown in CDM and were quanti-
fied by integrating the area of the peaks on extracted ion chromatograms (XICs). The inac-
tivation of surface proteases did not result in a significant reduction in SHP1358, as
indicated by paired Wilcoxon statistical analyses (Fig. 8A). Even in the case of the triple mu-
tant, the area of the SHP1358 peak remained similar to that of the wild type, indicating
that none of these surface proteases played a significant role in the maturation or degra-
dation of pheromones in the SHP family. Similarly, streptide was not affected by the inac-
tivation of sepM (P = 0.2785) or of any other single protease gene (Fig. 8B). However,
inactivation of all three proteases did seem to slightly affect streptide production, with
a 40% reduction in peak area, although this change was not statistically significant
(P = 0.0625). To clarify this last result, we evaluated streptide concentrations in the exter-
nal medium using high-performance liquid chromatography (HPLC). A direct analysis of
streptide by HPLC is highly challenging, as it is produced in small amounts (39) and coe-
lutes with components of the CDM (data not shown). We therefore used a CDM deprived
of aromatic amino acids and riboflavin for this analysis and performed a streptide enrich-
ment step by solid-phase extraction prior to HPLC analysis and quantification. Similar lev-
els of streptide were produced by both the wild type and the triple mutant strain; there

FIG 8 Quantification of the SHP1358 pheromone (A) and streptide (B) in the supernatant of LMD9 wild-
type and mutant strains by LC-MS/MS. WT, LMD9 wild type; htrA, LMD9DhtrA; prtS, LMD9DprtS; sepM,
LMD9DsepM; hps, LMD9DhtrADprtSDsepM. Values are the mean of six independent determinations
with SD.

Surface Proteases of Streptococcus thermophilus Applied and Environmental Microbiology

December 2021 Volume 87 Issue 23 e01292-21 aem.asm.org 11

https://aem.asm.org


was no difference in the peak areas obtained from four different experiments
(P = 0.4227).

We have also evaluated the role of surface proteases with respect to natural compe-
tence for transformation in S. thermophilus. The development of natural competence
depends on the induction of the appropriate machinery via a quorum sensing mecha-
nism controlled by the ComS peptide pheromone (18, 19). Even though the ComS pep-
tide is exported, its mature form does not accumulate in the supernatant of wild-type
S. thermophilus LMD9 (40), thereby preventing its quantification by LC-MS or HPLC. For
this reason, we evaluated the possible effect of S. thermophilus surface proteases on
ComS maturation by assessing the efficiency of genetic transformation. The inactiva-
tion of sepM induced a slight reduction in transformation efficiency, but this was not
statistically significant (P = 0.25) (Fig. 9). No differences were detected between mutant
and wild-type strains when synthetic mature ComS was added to the reaction mixture,
which suggests that SepM does not play a crucial role in ComS maturation or
degradation.

DISCUSSION

One of the main uses of a peptidomic strategy is the discovery of bioactive peptides
in biological fluids or food matrices (41). In the present work, we used this approach to
investigate cell surface proteolysis in S. thermophilus. Until now, this bacterium was
believed to produce only two proteases located at the cell surface, namely, PrtS and
HtrA. However, when both of these proteases were inactivated, residual cell surface
proteolysis was still detected, strongly suggesting the presence of an additional prote-
ase active at the cell surface. The current study identifies this previously uncharacter-
ized sheddase as a protein presenting a high level of homology with SepM of S.
mutans. A comparison of the exopeptidomes of wild-type, single-mutant, and multi-
ple-mutant strains indicates that all three proteases—PrtS, HtrA, and SepM—partici-
pate in the recycling of cell surface proteins. Furthermore, no significant residual sur-
face proteolysis was observed when these three proteases were inactivated,
suggesting that they are responsible for almost all surface proteolytic activity.

HtrA and SepM are present in all strains of S. thermophilus, while PrtS is found in
only some strains. Thus, S. thermophilus strains can be assigned to one of two groups
based on whether they possess two or three sheddases. It seems likely that the related
species L. lactis is similar in this regard; a previous study performed on PrtP-deficient
strains of this bacterium suggested the presence of an additional cell surface protease

FIG 9 Transformation rate of S. thermophilus LMD9 wild-type and sepM mutant strains. Values are the
mean of three independent determinations with SD. WT, LMD9 wild type; sepM, LMD9DsepM.
Transformation rate was determined as the ratio between the number of transformants (erythromycin-
resistant colonies) and total cell count per 16.5 ng of pGhost plasmid (54).
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acting together with HtrA (17). A plausible candidate could be the membrane-bound
protease YwdF, which presents significant homology with SepM (50%) and is presum-
ably the SepM ortholog. An analysis of the exopeptidome of L. lactis IL1403 revealed
peptides originating from YwdF (17). It therefore seems very likely that L. lactis can also
harbor two or three distinct sheddases (HtrA, YwdF, and PrtP) responsible for overall
surface proteolysis, depending on the presence of the lactose-protease plasmid in the
strain (42).

HtrA, PrtS, and SepM have broad but distinct specificities, as is usually the case for
serine proteases (43). In particular, based on an analysis of competence stimulating
peptide (CSP) cleavage in S. mutans, SepM was reported to have a strict specificity,
cleaving CSP between Ala18 and Leu19 residues only (44). Our analysis of a large num-
ber of cleavage sites confirmed the strong preference of SepM for Ala in the P1 posi-
tion of the cleaved bond but not for Leu in the P’1 position.

All three proteases are involved in exopeptidome formation and therefore partici-
pate in the turnover of cell surface proteins. However, the three proteases do not all
act on the same surface proteins; some proteins are more specifically cleaved by HtrA,
while others are more specifically degraded by SepM (substrate-binding proteins of
ABC transporters, for instance). Consequently, the three sheddases are not functionally
redundant and instead act synergistically. In particular, SepM plays a significant role in
the recycling of proteins involved in cell wall metabolism, and its inactivation has
repercussions for cell morphology. In this respect, SepM could be considered a mem-
ber of the bacterial cell morphogenesis orchestra (45).

In addition to this general recycling function—which was unknown until now for
PrtS—PrtS and HtrA fulfill additional, specific roles. PrtS is responsible for extracellular
protein degradation for nutritional purposes (4), while HtrA is involved in stress resist-
ance, especially thermal stress (46). The role of SepM is not clear, at least in S. thermo-
philus. In pathogenic streptococci such as Streptococcus agalactiae or Streptococcus
gordonii, SepM plays a role in virulence expression (47, 48), but this kind of role is not
relevant in the GRAS species S. thermophilus. Additionally, SepM is reported to be
involved in competence development in S. mutans and S. gordonii (22, 48). Here, how-
ever, analyses of streptide production and natural competence for transformation
revealed no crucial role for SepM in the quorum sensing mechanisms of S. thermophi-
lus. This finding should not be surprising considering the sequence of the pheromone
that controls streptide production (MKKQILLTLLLVVFEGIIVIVVG); it does not contain Ala
residues and thus should not be expected to be cleaved efficiently by SepM. Instead,
the relationship between SepM and ComS, the competence-controlling pheromone, is
more surprising. Based on the known specificity of SepM, the mature ComS14-24
sequence (IAILPYFAGCL) would be expected to be N-terminally cleaved between Ala
and Ile. Although a previous study did detect a truncated form (ComS16-24, ILPYFAGCL)
in the supernatant of a ComS-overproducing strain, its abundance was lower than that
of the mature form (40), suggesting that SepM acts only weakly on mature ComS14-24.
The situation is therefore somewhat different from that in S. mutans, where the precur-
sor form of the CSP pheromone is activated through a proteolytic event—initiated by
the ABC transporter dedicated to CSP export—and the resulting mature form of CSP
(CSP-21) is produced in the supernatant (49). CSP-21 is then processed extracellularly
into the CSP-18 form by the removal of three C-terminal amino acids; CSP-18 is much
more active than CSP-21 in inducing competence, biofilm formation, and antimicrobial
activity (50). Indeed, the CSP-18 form, which is released by SepM, corresponds to the
biologically active form of the pheromone (22). Very surprisingly, our inactivation of
SepM resulted in only a slight and statistically insignificant reduction of the compe-
tence efficiency of S. thermophilus . However, this result is consistent with work by
Fontaine and colleagues, who compared the efficiency of competence induction of
ComS16-24 to that of other forms (ComS17-24 and ComS15-24) and found no significant dif-
ferences (19). Therefore, it seems very unlikely that SepM from S. thermophilus
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extracellularly cleaves ComS14-24 into the more active ComS16-24, and it can be con-
cluded that SepM does not play a significant role in competence development.

The deletion of PrtS, HtrA, and SepM almost completely abolished cell surface pro-
teolysis in S. thermophilus. This finding might have biotechnological applications and
could be useful for the production of heterologous proteins. Among LABs, L. lactis is
currently the main vector used for protein production (51), but S. thermophilus is con-
sidered a promising substitute (15). The ability to generate a strain deprived of shed-
dase may increase the attractiveness of using S. thermophilus as a bacterial vector for
protein production.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table 1.

They were stored at 280°C in M17 broth supplemented with lactose (1%, wt/vol) and glycerol (20%,
wt/vol) (52). Cultures were grown at 42°C in M17 supplemented with lactose (1%, wt/vol), in CDM (53), or
in reconstituted skim milk (10%, wt/vol). When required, erythromycin (5 mg/ml), kanamycin (1 mg/ml), or
spectinomycin (150mg/ml) was added to M17 medium. When CDM cultures were used for exopeptidome
determination (see below), concentrations of the aromatic amino acids Tyr, Phe, and Trp were reduced 10-
fold; this reduction made it possible to increase the volume of the sample injected in the HPLC system
without overloading the separation column. For streptide detection by HPLC, the CDM was prepared with-
out aromatic amino acids and riboflavin, as riboflavin coeluted with streptide under our experimental con-
ditions. For all other purposes, the composition of the CDM was not modified.

DNA manipulations and construction of mutant strains. Standard methods were used for DNA
manipulations and sequencing. PCR was performed using the oligonucleotides listed in Table S4 in the
supplemental material (Eurogentec, Seraing, Belgium). The single mutant strains LMD9DhtrA, LMD9DprtS,
and LMD9DsepM were constructed using the overlapping PCR method (18). Briefly, the upstream and
downstream regions of the genes to be inactivated were amplified by PCR using the appropriate oligonu-
cleotides (Table S4), with chromosomal DNA of S. thermophilus LMD9 as a template. The erythromycin
(erm), kanamycin (aphA3), and spectinomycin (spec) cassettes were amplified using the appropriate oligo-
nucleotides and with plasmids pG1host9 (54), pKa (55), and pAT28 (56) as the templates, respectively.
Upstream and downstream fragments of htrA, prtS, and sepM were fused by PCR to the erm, aphA3, and
spec cassettes, respectively. The resulting fragments (2.41, 2.37, and 2.05 kb, respectively) were used to
transform S. thermophilus LMD9 by natural transformation (40). Transformants were selected via plating on
M17 medium that contained the appropriate antibiotic and checked by PCR. The final selected mutants
were checked by sequencing. The double mutant DhtrADprtS was obtained by natural transformation of
LMD9DprtS with chromosomal DNA of LMD9DhtrA. The double mutants DhtrADsepM and DprtSDsepM
and the triple mutant DhtrADprtSDsepM were obtained by natural transformation of LMD9DhtrA,
LMD9DprtS, and LMD9DhtrADprtS, respectively, with the 2.05-kb PCR fragment corresponding to the
upstream and downstream regions of sepM fused to the spec cassette. Transformants were selected via
plating on M17 medium that contained the appropriate antibiotic and mutants were validated by PCR.
The CNRZ1066DhtrADsepM mutant strain was constructed using a similar strategy, except that chromo-
somal DNA of S. thermophilus CNRZ1066 was used as the template, and the natural competence of the
strain was stimulated by adding 10 mM ComS17-24 peptide (LPYFAGCL) 10 min prior to the addition of the
PCR fragment (40).

Extracellular peptidome identification. Peptides accumulating in the culture medium of S. thermo-
philus LMD-9 and the various mutant strains were identified essentially as described previously (17).
Briefly, strains were grown to an optical density at 600 nm (OD600) of 1.0 in CDM that contained a 10-fold
reduced concentration of aromatic amino acids. Cells were discarded by centrifugation (5,000 � g for
10 min at room temperature), and the supernatant was filtered through a 0.22-mm pore-size filter (low-
binding polyvinylidene difluoride [PVDF] membrane; Millipore, Guyancourt, France). Peptides were con-
centrated by solid-phase extraction on StrataX cartridges (Phenomenex, Le Pecq, France) and the elution
step was performed with 50% acetonitrile. Eluted peptides were dried in a SpeedVac (Savant; Thermo
Scientific), resuspended in 0.1% trifluoroacetic acid (TFA), and ultrafiltered at 3 kDa (Centriplus YM-3;
Millipore). An equivalent of 20 ml of supernatant was loaded on a reverse-phase C18 column (Kinetex,
150 by 4.6 mm, 2.6 mm, 100 Å; Phenomenex). Peptides were separated at 40°C with a linear gradient of
acetonitrile (1.6% per min) in ammonium formate (20 mM [pH 6.2]) at 0.7 ml/min. Sixteen fractions of
0.7 ml each were collected and dried.

Each of the 16 peptide-containing fractions was resuspended in 0.1% TFA and 2% acetonitrile and
analyzed by LC-tandem MS (LC-MS/MS) at the PAPPSO platform (INRAE, Jouy-en-Josas). The sample
used for peptidomic analysis was equivalent to 3.33 ml of culture medium. Peptide separation was per-
formed on a C18 column (Pepmap, 150 by 0.075 mm, 3 mm, 100 Å; Dionex, Thermo Scientific) at 300 nl/
min with a linear gradient (0.8% per min) of acetonitrile in 0.1% formic acid over the course of 45 min.
Eluted peptides were analyzed online using an LTQ-Orbitrap Discovery mass spectrometer (Thermo
Fischer) as previously described (17). Peptide and protein identification were performed with X!Tandem
version 2017.2.1.4 (Alanine) and X!Tandem pipeline version 3.4.3 (Elastine Durcie) (57); these analyses
used the GenBank protein sequence of S. thermophilus LMD-9 (CP000419.1) (58) that is associated with a
classical proteomic contaminant database. The X!Tandem search parameters included no enzymatic
cleavage specificity, variable oxidation of methionine (115.99491), acetylation of the N-terminal residue

Boulay et al. Applied and Environmental Microbiology

December 2021 Volume 87 Issue 23 e01292-21 aem.asm.org 14

https://www.ncbi.nlm.nih.gov/nuccore/CP000419.1
https://aem.asm.org


(142.01057), cyclization of the N-terminal Glu (28.01056) or Gln (217.02655), and mass tolerance of
10 ppm for the parent ion M1H mass and of 0.4 Da for the ion fragments. Peptide matches with E
value of#0.01 were conserved (17, 59).

LC-MS/MS detection of streptide and SHP1358. The presence of streptide (AK*GDGW*KVM, with the
asterisk indicating cyclization) and of the pheromone SHP1358 (EGIIVIVVG) was assessed in culture media
by mass spectrometry. S. thermophilus LMD9 and the protease mutant strains were grown in CDM to an
OD600 value of 1.0. Peptides present in the culture supernatant were separated on a Pepmap C18 column
at 300 nl/min with a linear gradient (1% per min) of acetonitrile in formic acid (0.1%) for 90 min. Eluted
peptides were analyzed online on an LTQ-Orbitrap Discovery mass spectrometer (Thermo Fischer) using
the same experimental separation conditions as for the peptidomic analyses. Data were analyzed using
Qual Browser Thermo Xcalibur version 2.2 (Thermo Scientific). The ion current signals of the doubly
charged streptide ([M1H]21 = 495.2474) and the monocharged pheromone SHP1358 ([M1H]1 =
1018.5608) were extracted, and peptide identification was validated by analyzing the fragmentation
spectra. The total area of each peak was calculated, giving an estimation of the relative abundance of
the peptides.

HPLC detection of streptide. Cells were grown overnight in CDM deprived of aromatic amino acids
and riboflavin. After cells were discarded by centrifugation, TFA (0.1%, vol/vol) and acetonitrile (2%, vol/
vol) were added to the supernatant. Streptide was concentrated by solid-phase extraction using a
StrataX polymeric reversed phase cartridge (Phenomenex) according to the manufacturer’s instructions.
Thirty milliliters of sample were loaded on the column, and elution was performed with a 20% acetoni-
trile solution. The eluted solution was dried in a Speed Vac, resuspended in 0.1% TFA and 2% acetonitrile
with a 300-fold concentration factor, and ultrafiltered through a 3-kDa ultrafiltration membrane
(Centriplus YM-3; Millipore). Fifty microliters of the resuspended solution were loaded onto a Kinetex C18

HPLC column (150 by 4.6 mm, 2.6 mm 100 Å; Phenomenex). Streptide was eluted using a linear gradient
of 5% to 30% acetonitrile in 0.1% TFA over 25 min and detected at 214 nm.

Scanning electron microscopy. Bacteria grown in CDM to the exponential (OD600, 0.8) or stationary
phase were harvested by centrifugation (5,000 � g for 10 min at room temperature) and washed in
50 mM KH2PO4-K2HPOP4 (pH 6.7). Washed cells were fixed, desiccated, dried, and metallized as described
previously (60). Sample pictures were acquired and analyzed at the MIMA2 microscopy and imaging plat-
form (INRAE; http://doi.org/10.15454/1.5572348210007727E12) using a Hitachi SU5000 field electron gun
(FEG) low vacuum scanning electron microscope with secondary electron (SE) detector operating at 2 kV.

Miscellaneous. Peptidome contents (small independent samples) and peak areas of streptide and
SHP1358 (small paired samples) from wild-type and mutant strains were compared statistically using the
nonparametric Kruskal-Wallis rank sum test and the nonparametric paired Wilcoxon test, respectively,
using the coin package of R (version 3.2.1). Protein alignments were performed using version 2.9.0 of
BLASTP (61). The 2D structure of SepM was predicted using the PSIPRED protein structure prediction
tool (http://bioinf.cs.ucl.ac.uk/psipred) (29). The synteny of sepM flanking genes was obtained from the
SyntTax Web server (https://archaea.i2bc.paris-saclay.fr/SyntTax).

Data availability. The mass spectrometry peptidomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (62) partner repository with the identifiers PXD027660
(wild-type strain), PXD027643 (prtS mutant), PXD027644 (htrA mutant), PXD027666 (sepM mutant),
PXD027665 (prtS htrA double mutant), and PXD027671 (prtS htrA sepM triple mutant).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 1.3 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 4, PDF file, 0.2 MB.
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